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The spreading width of an analog state due to a charge-dependent nuclear force is calculated. The mixing
with the surrounding different-isospin states via the conlguration states and also direct re&»ng are in-
vestigated. The restrictions imposed by the requirement of charge symmetry on these mixings are discussed.
The mixing arising from a charge-asymmetric force is also calculated.

~ 4HE coupling of an analog state to the dense
- . spectrum of states which surround it is inhibited

by isospin selection rules, since these states are char-
acteristized by diferent isospin quantum numbers.
The coupling must therefore proceed through charge-
dependent forces. The mixing by the charge-depen-
dent Coulomb force has been considered in detail by
several authors. ' However, in addition to the Coulomb
force, the nuclear force may have a small charge
dependence. The possible importance of a charge-
dependent nuclear force in the mixing of analog states
has been suggested, ' but no detailed considerations
have been given. This paper reports an estimate of
the mixing of analog states arising from a charge-
dependent nuclear force.

For simplicity, we assume that the parent con-
figuration of the analog state consists of a core with
two excess neutron levels with quantum numbers P
and y, plus an additional neutron in the level o..
We take this state to be a 1P-Oh state with X+1
neutrons and Z protons. A particular group of 1.P-Oh

and 2P = 1h states can then be obtained from the parent
configuration by applying an isospin-lowering operator
to each individual neutron state in this configuration.
There exist E—Z+ 1 such states which are also de-
generate. From this set can be constructed the state

called the analog, which has isospin 7) (E 2+1)/2. ———
This state is the linear coherent superposition of these
particle-hole states with all the signs the same. It is
obtained by simply applying the total isospin-lowering
operator to the parent state. The P~ represents a
state of a bound proton in the last orbital plus the
core of the target, while @„,represents the configura-
tion in which a neutron exists in the last orbital, and
in which the analog of the target is excited.

Besides the analog state, a group of T& ——

(X—Z—1)/2 states can be constructed out of the
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1p-Oh and 2p-ih states. These states are called the
configuration states, ' since they are obtained from the
same particle-hole configurations from which the an-

alog is derived. Since the target considered here con-
sists of two excess neutron shells, two configuration
states can be constructed. One of these is the state
which we call the antianalog

4.=L(& Z) "-0 —0-—]I(&—2+1)"' (2)

because of its special relation to the analog. The
other configuration state is

I"= I:(V'&.)I".p (&&s)—I'-,j/(& Z) "' —(3)

Here C„,~ and C„,, are the wave functions for a neu-
tron in the last orbital and a proton-particle-neutron-
hole in the levels P and p, respectively. The Xp and
X~ are the number of neutrons in the levels P and y
in the parent. The two configuration states lie several
Mev below the analog and are approximately de-
generate in energy.

In addition to the configuration states, there are
other T& states. These states can be constructed from
linear combinations of other 2p-1h and also more
complicated 3p-2h states. They are of mixed particle-
hole hierarchy, because the charge-exchange term in
the two-body nuclear Hamiltonian mixes 2P-1h and
3P-2h states. These states form the dense spectrum
of T& states which surround the analog. In fact, the
coupling of the analog to these states causes the
analog to share its strength among these nearby T&
states, thereby giving rise to the spreading width'
describing on the average its decay into these states.

In calculating the mixing of' an analog state into
the diGerent-isospin states which surround it, two
mechanisms for coupling seem to be important:

(1) The analog state is coupled to the surrounding
diferent-isospin states directly by a charge-dependent
two-body interaction.

(2) The analog is coupled to these states by an
intermediate isospin-forbidden coupling to the con-
figuration states.

' A. M. Lane and J. M. Soper, Nucl. Phys. 37, 663 (1962) .
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is uncertain, a deviation from charge independence
of the order of 4%2 is possible. This gives for a,
a. value of ~0.04.

The di6erence in energy between a proton and a
neutron in a state v arising from this charge-depen-
dent nuclear interaction is
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FIG. 1. Schematic illustration of the two coupling mechanisms.
The wiggly lines are charge-breaking couplings; the double solid
line is an isospin-allowed coupling.

The two mechanisms are schematically shown in
Fig. 1. In the first mechanism, the coupling of the
analog to the T& states is through the two-body
nature of the charge-dependent force because of the
particle-hole structure of these T& states. For the
second mechanism, the analog is coupled to the dif-
ferent-isospin configuration states by the central part
of the charge-dependent force, since the analog and
configuration states are obtained from the same basis
of particle-hole states. The configuration states are
then coupled to the T» states which surround the
analog through the charge-independent nuclear two-
body interaction. In the case of Coulomb mixing, the
latter mechanism is assumed to be larger than the
former. "However, we will see that in the case of
a nuclear charge-dependent force, the first mechanism
is larger than the second.

To calculate the mixing matrix elements between
the analog and configuration states through a charge-
dependent nuclear interaction, we first assume charge
symmetry and take a charge-dependent two-body
potential of the form'

V12 = a, V(r12) —,
' (1+4r/, r2, ) . (4)

Here v~, is the third component of the isospin oper-
ator and gives +-,' (—-', ) when operating on a neutron
(proton) state. The V(r12) is the radial shape of the
two-body charge-dependent interaction and is of short
range. The coeKcient a, is determined by the mag-
nitude of the deviation from charge independence.
From Eq. (4) we have

~
V „—V~ j/V„= a,. Although

the magnitude of a nuclear charge-breaking potential
' For Coulomb forces a third mechanism has to be considered,

which is called external mixing by D. Robson, Phys. Rev. 137,
8535 (1965). This mixing is important for Coulomb forces be-
cause of the long-range character of the Coulomb interaction. It
can therefore be neglected for a short-range charge-dependent
nuclear interaction.' R. J. Blin Stoyle and J. LeTourneaux, Phys. Rev. 123, 627
(1961);A. Altman and W. M. MacDonald, Nucl. Phys. 35, 593
(1962).

where V„„„„, V„~, are the direct, exchange matrix
elements of V(r»). Here (U '"'"—U " '")cD. is
the difI'erence in the central potential for neutrons
and protons arising from the charge-dependent nu-
clear interaction. The +2 refers to neutrons while
the —-', refers to protons. The sum /1 in Eq. (5) is
over the excess neutron states.

We now approximate the relative shift 6„'t

(52,)C.D. of proton and neutron levels as follows. The
Hartree-Fock central potential for protons or neu-
trons arising from charge-independent Wigner forces is

N Z

Uvv '= g a2(Vvpvp Vvppv) v

a=1
(6)

which we assume has the form U(r) = 2tnco2r2 S-ince.
the diBerence between proton and neutron potentials
in Eq. (5) involves only matrix elements over the
neutron shells, we have

(N Z) (62a) C.D. N//(62//) C,D. N1 (622)C.D,

(N —Z+1) (N —Z) '"

(NP;) "'((~2s)c.D.—(~2,)c.D.]
(N Z) "'(N Z+ 1)"'— —

See, for example, E. M. Henley, in Isobaric Spin in NNcleur
I'hysics (Academic Press Inc. , New York, 1966) .
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(52v)c D. apL(N —Z)/A12Iup(221. +l.——,'). (7)

Here n„and l„are the principal and orbital angular
momentum quantum numbers in the level v. The
(N —Z)/A factor arises because the excess neutrons
only participate in the shift efI'ect when the nuclear
force is charge-symmetric. It should be noted that
the (N —Z)/A dependence is also a characteristic of
the symmetry potential' which also arises from the
excess neutrons.

The matrix elements of the analog to the con-
figuration states from the charge-breaking interaction
of Eq. (4) are then given by the expression'

Z V,c. .
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For comparison, the coupling matrix due to the
charge-dependent Coulomb force is obtained from

Eq. (8) by substituting b (n) for (Ae )on. , where

A, (a) is the Coulomb energy of a proton in the level

a arising from its interaction with all the target pro-
tons, i.e., b„(a) Z/A"'

The spreading width of the analog F, ~ into the
more complicated T& states which surround it through
its coupling to the configuration states is given by
the equation"

bf -'F;i(E,)
(Z.—Z;) +br.-,(Z.)/2j

M,,ml', )(E,)
(Z.—Z, ) +Lr, , (Z.)/2l

The I';i(E ) and 1'. i(E.) are the nuclear spreading
widths of the antianalog and the other configuration
state into the more complicated T& states evaluated
at the analog energy. The above expression for the
spreading width can be interpreted as follows.

The coupling of the analog to the configuration
states by the central part of the charge-dependent
interaction introduces an isospin impurity into the
analog wave function. This T& impurity in the analog
is then coupled to the more complicated. T& states
which surround the analog by the charge-independent
nuclear force. From this interpretation we can easily
see that the nuclear spreading of the configuration
states into the T& states which surround the analog
rejects the level density of the more complicated
states at the analog energy and not at the configura-
tion-state energy. These densities are considerably
different because of the large energy separation of
the two states.

In evaluating the nuclear spreading widths of the
antianalog and the other configuration state, we take
for the spreading width of a 1p-Oh state the giant-
resonance" value of 5 MeV and for a 2p-1h state the
intermediate-structure value of 1 MeV." For the p-
wave resonance in K"," the coupling matrix elements
M - and M, are 12 and 24 keV, respectively. In ob-
taining these values, we have taken her to be 15 MeV.
(The energy splitting of the analog from the con-
figuration states is about 4 MeU. ') The values for
M - and M, for other nuclei are also of this order
of magnitude or are an order of magnitude smaller if all
the excess neutrons in the parent belong to the same
harmonic-oscillator shell. The configuration-state im-
purity in intensity is ~10 ', and the spreading width
of the analog for the second mechanism is I' ~= 80 eV.
For comparison, the spreading width of the analog

' A. M. Lane, R. G. Thomas, and E. P. Wigner, Phys. Rev. 98,
693 (195S)."G. L. Payne, Phys. Rev. 174, 1227 {1968)."G. A. Keyworth, G. C. Kyker, Jr., E. G. Bilpuch, and H. W.
Newson, Phys. Letters 20, 281 (1966);A. Z. Mekjian and W. M.
MacDonald, Phys. Rev. Letters 18, 706 (1967).

state in K4' from this mechanism by Coulomb forces is
~10 keV, while the impurity in intensity is ~1X
10 '.'

One of the main reasons why a charge-symmetric
force produces little mixing by this mechanism is that
only the excess neutrons are involved in the mixing.
By contrast, for a charge-asymmetric force all the
nucleons in the target participate in shifting the proton
energies with respect to the neutron energies. In fact, a
charge-asymmetric force of the form'

Vim ——b, V (ri2) —', (r»+rm, ) (10)

will lead to an energy difference between a proton and a
neutron in the state v given by the expression

(e '"—e„'")= ', bi, Q-(V.„.„—V„„~)

bp~~hi0(2n. +l„',) . —(-11)

However, the deviations from charge symmetry are
much smaller than the deviations from charge inde-
pendence. In particular, the experimental data show
consistency with charge symmetry to within 1%.r
This gives for b, 0.01. In K", the matrix elements of
the analog to the configuration states for this charge-
asymmetric force are M,-~S keV and M ~15 keV.
The spreading width of the analog is then ~100 eV
and still insignificant compared to the Coulomb spread-
ing. Even if charge syannetry were violated by as
much as 4%, the spreading width of the analog would
be only 1 keV.

Therefore, if a charge-dependent nuclear force is to
produce significant spreading, it must operate through
mechanism 1. Under this mechanism, a two-body
charge-dependent nuclear force will couple the analog
directly to the T& states which surround it, reaching
both proton and neutron particle-hold excitations in
these states. For Coulomb forces, only certain proton
particle-hold excitations are reached from the analog.
For this reason, mechanism 1 can be larger for charge-
dependent nuclear forces.

To estimate the spreading due to this mechanism, we
take the spreading of the 1p-Oh component of the
analog to be (-,'a, )' times the giant-resonance value of
5 MeV. For the 2p-1h component we take (2a,)~
times the intermediate-structure value of 1 MeV. The
factor 2 arises from the ~(1+4r»r2, ) term in Eq. 4.
The 5 and 1 MeV are the spreading widths of 1p-Oh
and 2p-ih states arising from Wigner forces. The
values (~a,)2XS MeV and (-', a,) 'X 1 MeV are, however,
overestimates, since a charge-symmetric force of the
form of Eq. (4) will not reach some of the particle-hole
excitations which can be reached from the analog by a
charge-independent Wigner force, since V~„~ D =0.
However, if we take a charge-symmetric force of the
form a,2r~,~2„ the Wigner and charge-symmetric forces
can reach the same particle-hole states starting from
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the analog. The spreading width from mechanism 1 is

then

I' )~1j(E Z—+1)X(2 keV)+(X—Z)/(X —Z+1)

X (0.4 keV) . (12)

For K4' we obtain a value of F ~ 1 keV, while for
heavier nuclei we obtain a smaller value because of the
growth of X—Z. Even if we had taken the spreading
width of a 1p-Oh and 2p-1h state to be as large as 10
MeV for Wigner forces, the spreading width of the
analog only be ~4 keV.

We therefore conclude that charge-dependent nuclear
forces can contribute at most a few keV to the spread-

ing of an analog state. This should be compared with
the spreading width arising from Coulomb mixing,
which is an order of magnitude larger. Consequently,
the possibility of observing the effects of a charge-de-
pendent nuclear force from the spreading width of an
analog state is washed out by the charge-dependent
Coulomb force.
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the manuscript with him.
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The deuteron yield and momentum spectrum for targets of Be, C, Cu, and Pb bombarded by 1-, 2-, and
3-BeV protons from the Cosmotron has been found at angles of 0, 17, and 32', using a magnetic spectrometer
and time-of-Bight telescope. The results cannot be explained in terms of a simple pickup, evaporation, or
nucleon-nucleon statistical production process. Two other models involving two-stage processes have been
proposed, namely, the indirect pickup process and a model in which nuclear matter "catalyzes" the coalescing
of two cascade nucleons into a deuteron. Our results show that, at higher momenta in the deuteron spectrum,
agreement can be obtained with the cascade theory. At the lower end of the momentum spectrum, deuterons
may arise by the indirect pickup process.

I. INTRODUCTION

OME eight years ago, experimenters on the Brook-
haven and CERN alternating gradient syn-

chrotrons" noted that the production of deuterons
from nuclei bombarded by high-energy protons was
much greater than could be accounted for on any simple
theory, such as the direct pickup process occurring at
low energies. '4 It seemed intuitively surprising that the
weak binding of the deuteron should remain intact in
such energetic processes. In order to explain this
anomaly, several theories have been proposed.

The first of the more important theories was put
forward by Bransden in 1952' to explain results at lower
energies. He suggested that an indirect pickup process
was probable for protons above 200 MeV, in which the
incoming proton struck a nucleon, producing a low-
energy secondary particle, which in turn picked up a
nucleon to form a deuteron on the way out of the
nucleus.

V. T. Cocconi, T. Fazzini, G. Fidecaro, M. Legros, N. G.
Lipman, and A. W. Merrison, Phys. Rev. Letters 5, 19 (1960).' V. L. Fitch, S. L. Meyer, and P. A. Piroue, Phys. Rev. 120,
1849 (1962).

3 G. F. Chew and M. L. Goldberger, Phys. Rev. 77, 470 (1949).' J. Heidmann, Phys. Rev. 80, 171 (1950).
~ B.H. Bransden, Proc. Phys. Soc. (London) A@5, 738 (1952).

At high energies Butler and Pearson~' proposed
that deuteron production occurred in the cascade of
nucleons ejected by the incoming proton. The angular
distribution of the knock-on "shower" nucleons has a
strong forward peak, and pairs of particles having
small relative momenta could coalesce to form a deu-
teron with the nuclear matter around them acting as
a "catalyst" and providing the momentum balance.

In another process Hagedorn'~' suggested that
statistical nucleon-nucleon interactions at high energies
might yield sufBcient deuterons to explain the anomaly.
The reaction occurring would be of the type p+
nucleon —+d+pions+others. The process would occur
entirely within the small region of phase space sur-
rounding one nucleon.

Other processes, such as evaporation, '3 or the knock-
out of a deuteron formed by fluctuations in the nuclear

6 S. T. Butler and C. A. Pearson, Phys. Rev. Letters 7, 69
(1961).

7S. T. Butler and C. A. Pearson, Phys. Rev. Letters 1, 77
(1962).
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9 S.T. Butler and C. A. Pearson, Phys. Letters 9, 330 (1964) ."R. Hagedorn, Phys. Rev. Letters 5, 276 (1960)."R.Hagedorn, Nuovo Cimento 15, 434 (1960).
'2 R. Hagedorn, Nuovo Cimento 25, 3625 (1962)."E.Balea, E. M. Friedlander, C. Potoceanu, and M. Sahin,
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